Opening and closing of the cystic fibrosis transmembrane conductance regulator (CFTR) Cl ؊ channel is regulated by the interaction of ATP with its two cytoplasmic nucleotide-binding domains (NBD 
T
he presence of two cytoplasmic nucleotide-binding domains (NBDs) is the conserved feature of ATP-binding cassette (ABC) transporters (1, 2) . In most ABC transporters, the NBDs bind and hydrolyze ATP to actively pump a substrate across membranes. However in the cystic fibrosis transmembrane conductance regulator (CFTR), the NBDs open and close a transmembrane pore through which Cl Ϫ flows passively down its electrochemical gradient (3, 4) . Understanding how the interaction between ATP and the CFTR NBDs gates the channel remains an important goal.
Previous work demonstrated that CFTR and individual NBD proteins bind and hydrolyze ATP (5) (6) (7) (8) . In addition, studies of the functional effect of ATP concentration, nucleoside analogs, site-directed mutations, and chemical modifications have established the central role of the NBDs and ATP in controlling channel gating (3, 4) . However, the molecular mechanisms of gating and the function of the two NBDs remain uncertain. Consequently, several models have been proposed to describe the ATP-dependent gating cycle (3, 4, (9) (10) (11) (12) (13) (14) . There is general agreement that cAMP-dependent phosphorylation of the regulatory domain (R domain) is a prerequisite for ATP-dependent activity. In addition, all of the proposed models emphasize a role for ATP interactions with both NBD1 and NBD2. However, there is less agreement about the role of ATP binding versus ATP hydrolysis in controlling specific steps in the gating cycle.
Several previous models, including our own, proposed that channel opening requires ATP hydrolysis (3, 4, 9-11, 13, 14) . This conclusion rests heavily on the observation that the hydrolysis-resistant nucleoside triphosphate 5Ј-adenylyl imidodiphosphate (AMP-PNP) generates little channel activity on its own (9, 13, (15) (16) (17) . Even though it does not open the channel, three observations suggest that AMP-PNP binds to CFTR: (i) AMP-PNP inhibits ATP binding as measured by photoaffinity labeling methods (18) ; (ii) adding AMP-PNP in the presence of ATP can cause occasional bursts of long duration, although only a small fraction of bursts are affected (9, 10, 16, 17) ; and (iii) AMP-PNP can compete with ATP binding under some conditions (13, 17) . However the inability of AMP-PNP to support channel activity may not, on its own, be sufficient to conclude that hydrolysis is absolutely required to open the channel. That conclusion requires the assumption that ATP and AMP-PNP are equivalent in their binding and interaction with the NBDs. In some other systems this is not always the case. For example, subtle structural differences were found in ATP and AMP-PNP interactions with the sarcoplasmic reticulum Ca 2ϩ -ATPase (19) . In a 70-kDa heat-shock protein, AMP-PNP bound 2-3 orders of magnitude more weakly than ATP (20) . Moreover in the chaperonin GroEL, the AMP-PNP-bound structure is similar to the ADPbound structure in the upper ring and to the ATP-bound structure in the lower ring (21, 22) . Thus AMP-PNP is not a perfect ATP analogue (22) .
On the other hand, several observations suggest that hydrolysis may not be required to open the channel. For example, mutation of the conserved lysine in the NBD Walker A motif abolishes ATPase activity in many ABC transporters (23) . In CFTR, the NBD1 mutation K464A reduces ATPase activity to Ϸ15%, and the NBD2 mutation K1250A eliminates ATPase activity (24) . Yet despite this, gating continues, albeit at a reduced level (10, 11, 14, 24) . This led Ramjeesingh and colleagues (24) to propose a loose relationship between catalytic activity and channel gating. Strikingly, a variant with both NBDs mutated (K464A͞K1250A) showed significant activity and gating not different from CFTR-K1250A (10). The requirement for hydrolysis has also been assessed by reducing the Mg 2ϩ concentration. Mg 2ϩ coordinates the ␥ phosphate of ATP and is required for hydrolysis by most enzymes (25) . In CFTR, Mg 2ϩ chelation abolished ATP hydrolysis (6) . Despite this, some studies showed that gating persisted in the absence of Mg 2ϩ (26, 27) .
Thus, although it is clear that the NBDs bind and hydrolyze ATP to influence gating, questions remain about whether hydrolysis is required to open the channel. In this study, we examined further the role of ATP binding and hydrolysis in gating by the two NBDs.
Materials and Methods
Wild-type and mutant CFTR were transiently transfected into HeLa cells by using the vaccinia virus expression plasmid pTM-CFTR4, as previously described (28 concentration was Ͻ6 nM and the MgATP concentration (with 1 mM ATP) was Ͻ22 nM (29) . In some studies, we used trans-1,2-cyclohexanediamine-N,N,N,N-tetraacetic acid (CDTA) to chelate Mg 2ϩ .
The methods for patch-clamp recording were similar to those previously described (28) . Experiments were performed at room temperature (22-24°C) and membrane voltage was held at Ϫ40 mV unless otherwise indicated. Pipette resistance was 3-10 M⍀, and seal resistance was 3-30 G⍀. An Axopatch 200-B amplifier and PCLAMP software were used for data acquisition and analysis (Axon Instruments, Foster City, CA). For macroscopic current measurements, interventions were bracketed by the control conditions. For single-channel analysis, replayed data were filtered at 1 kHz with a variable eight-pole Bessel filter, digitized at 5 kHz, and digitally filtered at 500 Hz. Single-channel analyses were performed as previously described; a burst delimiter of Ͼ20 ms was used (10, 30) .
Data are shown as mean Ϯ SEM. A Student's t test or one-way analysis of variance (ANOVA) was used to test statistical significance (GB-STAT, Dynamic Microsystems, Silver Spring, MD). When ANOVA was used, post hoc least significance difference test and Scheffé comparison test were used to identify significantly different conditions.
Results

CFTR Channel Activity in the Absence of Mg 2؉ and Presence of Ca 2؉ .
We asked whether Mg 2ϩ was required for channel activity. Fig.  1A shows macroscopic Cl Ϫ current in an excised, inside-out membrane patch containing many phosphorylated CFTR Cl Ϫ channels. Removing the Mg 2ϩ from the cytosolic (bath) solution reduced but did not abolish activity. Re-adding Mg 2ϩ increased current. In contrast, without ATP, activity fell to near zero. Reintroducing ATP, even in the absence of Mg 2ϩ , rapidly increased current. As described in Materials and Methods, the Mg 2ϩ -free solution contained 1 mM EDTA to chelate residual Mg 2ϩ . We obtained similar results with 1 mM CDTA, although it occasionally irreversibly abolished activity (3 of 7 experiments). These results are consistent with earlier reports indicating gating in the absence of Mg 2ϩ (26, 27) . Importantly, Li and colleagues (6) have shown that chelating Mg 2ϩ abolishes CFTR ATPase activity. These data suggest that ATP stimulates gating even in the absence of hydrolysis.
To further investigate the requirement for hydrolysis, we replaced Mg 2ϩ with Ca 2ϩ . Other ABC transporters show little or no hydrolysis of CaATP (31) (32) (33) . The same is true of other ATPases (25, 34) . CaATP increased current to levels greater than those obtained with ATP alone or with MgATP ( Fig. 1 B and C), as previously reported (35) . Ca 2ϩ applied in the absence of ATP did not stimulate current (not shown). BaATP also stimulated current compared with ATP alone (Fig. 1C) . It is possible that differential effects of the various divalent cations depend upon the extent of electrostatic interaction with ATP. The channel required phosphorylation for CaATP to stimulate current (not shown). CaATP also stimulated CFTR-⌬R͞S660A channels, which lack the R domain and show no response to phosphorylation (36) (data not shown), indicating that stimulation was largely independent of the R domain. These data suggest that ATP hydrolysis is not required for the channel to open. However, the complex of ATP with divalent cations stimulated channel activity more than did ATP alone.
Effect of Divalent Cations on Single-Channel Gating. We investigated the effect of divalent cations on single-channel gating. When ATP was applied in the absence of divalent cations, the openstate probability (P o ) decreased, primarily because the closed interval between bursts increased ( Fig. 1 D-F) . The burst duration showed minimal change. Probability density histograms suggest these burst durations and interburst intervals are fit by single exponential functions (not shown). Earlier data showed that reducing the MgATP concentration prolonged the interburst interval (6, 14, 37) . The observation that eliminating Mg 2ϩ also prolonged the interburst interval is consistent with reduced ATP binding and hence reduced opening without the divalent cation. These results also suggest that closing can occur in the absence of hydrolysis, presumably by dissociation of ATP.
CaATP increased P o by markedly prolonging the burst duration ( Fig. 1 D-F) . The interburst interval was not significantly different from that with MgATP. Compared with MgATP, CaATP had no effect on the single-channel conductance (6.2 Ϯ 0.2 pS with MgATP and 6.6 Ϯ 0.4 pS with CaATP, n ϭ 4, P Ͼ 0.1), the current-voltage relationship (data not shown), or the anion selectivity (P I ͞P Cl : 0.69 Ϯ 0.4 with MgATP and 0.71 Ϯ 0.3 with CaATP, n ϭ 4, P Ͼ 0.1). These data suggest that CaATP binds to CFTR and facilitates channel opening. However, because CaATP is not a good substrate for hydrolysis, after binding CaATP, the channel may not progress through the hydrolysis cycle. As a result, the channel would be locked open until ATP dissociates. Alternatively, rare hydrolysis of CaATP might terminate a burst. In either case, burst duration would increase. Prolongation of the burst duration is similar to the result of two other interventions that allow nucleotide binding but not hydrolysis: binding of the nonhydrolyzable AMP-PNP (9, 10, 16, 17, 38) and an NBD2 mutation that prevents hydrolysis, K1250A (10, 11, 14, 24) .
Effect of Divalent Cations on CFTR Bearing a Walker B Mutation.
Because these data suggested that Mg 2ϩ and Ca 2ϩ facilitate ATP binding and that binding opens the channel, we studied CFTR with a mutation of the conserved aspartate in the Walker B motif that is thought to bind divalent cations. Its mutation inhibits ATP hydrolysis in other ABC transporters (23) . We studied the CFTR-D1370N mutant; this channel has reduced activity (11, 39) . We did not study the analogous mutation in NBD1, D572N, because it shows defective biosynthesis and is not processed to the cell surface. We predicted that CFTR-D1370N would not discriminate between ATP, MgATP, and CaATP. Fig. 2 shows that neither MgATP nor CaATP increased current compared with ATP alone, and MgATP and CaATP had currents of similar size. These data are consistent with the conclusion that Mg 2ϩ and Ca 2ϩ facilitate ATP binding. Because the presence or absence of a divalent cation did not influence this NBD2 mutant, the data are consistent with the idea that NBD2 may be responsible for most of the channel activity of CFTR.
Effect of MgATP and ATP on CFTR Bearing Walker A Mutations.
To learn more about how nucleotide binding-in contrast to hydrolysis-controls activity of the two NBDs, we examined the effect of MgATP and ATP alone on CFTR variants that do not hydrolyze ATP. In this way, we could eliminate the consequences of hydrolysis after ATP binding. We tested variants with mutations in the Walker A lysine, CFTR-K464A and -K1250A. These mutations reduce hydrolysis to Ϸ15% and zero, respectively (24) . In both mutants, removing Mg 2ϩ decreased current (Fig. 3A) : this observation is consistent with reduced ATP binding.
Although removing Mg 2ϩ reduced macroscopic current in both Walker A mutants, single-channel analysis revealed different aspects to the response. With MgATP, CFTR-K1250A showed prolonged bursts ( Fig. 3 B and C) , as previously reported (10, 11, 14, 24) . However in the absence of Mg (Fig. 3 B and C) . There are two potential explanations for the difference between K464A and K1250A. Dissociation of ATP may be different at NBD1 and NBD2. Alternatively, in K464A, most of the gating may be due to ATP interactions with NBD2.
The conclusion that the two NBDs have significantly different effects on gating is consistent with earlier results, including evidence that ADP has differential effects on variants with NBD1 and NBD2 mutations (39) , that covalent modification of the two NBDs has different effects (30) , and that increasing MgATP concentrations have a complex effect on channel activity (6, 14, 17, 37, 39) . Moreover, the two NBDs of ABC transporters, including CFTR, can show different ATP affinities (8, 40) . Therefore, we studied CFTR-K1250A and CFTR-K464A at two different ATP concentrations. With 1 mM ATP and 4 mM Mg 2ϩ , CFTR-K1250A showed prolonged bursts, but with a low MgATP concentration (5-20 M ATP and 4 mM Mg 2ϩ ), burst duration decreased (Fig. 4 A and C) . This result is similar to a previous report (14) . One interpretation of this finding is that either NBD can gate the channel, and a higher ATP affinity at NBD1 than NBD2 would shift the majority of gating to NBD1 at low ATP concentrations. This might prevent the channel from entering the prolonged bursts that result from NBD2 gating in K1250A.
If NBD1 can bind and hydrolyze MgATP to gate the channel, then inhibiting NBD1 hydrolysis might be expected to prolong those bursts that originate at NBD1. Yet, prolonged burst durations have not been observed with K464A (10, 11, 14, 24) . Our results provide a potential explanation for this paradox. If NBD2 were responsible for the majority of channel gating, it would obscure most NBD1-dependent gating. However, if NBD1 has a higher ATP affinity than NBD2, this premise predicts that K464A would have long bursts at low MgATP concentrations. 
Discussion
In most ABC transporters, ATP hydrolysis is absolutely required for active pumping of substrate across the cell membrane (23) . Our data and earlier studies suggest this is not the case with CFTR; ATP binding alone may open a pore through which Cl Ϫ flows passively. Here we suggest a model for ATP-dependent gating (Fig. 5) . This model incorporates features of several earlier models (3, 4, 10, 11, 13, 14) , although there are differences. The most important differences are that ATP binding can open the channel, and that gating can arise from ATP interactions with either NBD.
A Model of ATP-Dependent Gating. CFTR has at least four discernible states. Two open conformations, ''O1'' and ''O2,'' occur during a burst of activity and are distinguished by flickery Mops-dependent block (11, 38) . The O1 state is ATP bound and hydrolysis moves the channel to the O2 state. As indicated by Gadsby and Nairn (4), there are also at least two closed states, which we designate C1 and C2. At NBD2, binding of ATP without Mg 2ϩ alters protein structure, opening the channel from the C1 to the O1 state. The presence of Mg 2ϩ increases the rate of ATP binding, shortening the interburst closed state. Mg 2ϩ also increases the affinity of the O1 state for ATP, reducing ATP dissociation and stabilizing the O1 state. From O1, hydrolysis of MgATP shifts the conformation to O2. When the channel leaves the O2 conformation it closes.
Our current data support several aspects of this model; we first consider NBD2. In the absence of divalent cations, ATP binding and dissociation generate C1 3 O1 and O1 3 C1 transitions, respectively (Fig. 5) . The presence of Mg 2ϩ or Ca 2ϩ facilitates the C1 3 O1 transition, shortening the interburst interval compared with ATP alone (Fig. 1) . The divalent cation also stabilizes the O1 state. However, because CaATP is not a good substrate for hydrolysis, once it binds and carries the channel into the O1 state, progress to O2 is blocked. As a result, the burst duration is prolonged (Fig. 1) . The K1250A variant has a similar effect, blocking the O1 3 O2 transition and thereby prolonging bursts with MgATP (Fig. 3) . In contrast, with ATP alone, the O1 state of K1250A is unstable and ATP dissociates more quickly (Fig. 3) . The K1250 mutation has an additional effect, decreasing the rate of channel opening into bursts, i.e., prolonging the interburst interval. This result suggests that the K1250A mutation reduces ATP binding to NBD2. Previous studies of other ABC transporters have shown that mutation of the Walker A lysine reduces ATP binding (41) . It is also noteworthy that MgATP did not stimulate current to a greater extent than ATP alone when CFTR had a mutation in NBD2 (D1370N) that disrupts divalent cation binding (Fig. 2) .
In Fig. 5 , we model the consequences of ATP binding and hydrolysis at NBD1 in the same way as at NBD2. However, our own data and that of others speak less to NBD1 than NBD2. We suggest that ATP binding and hydrolysis at NBD1 can also gate the channel. Our finding that the K464A mutation can generate bursts with a prolonged duration (Fig. 4) supports this conclusion. Why we see this at low ATP concentrations is not certain; however, it may be that the two NBDs have significantly different ATP affinities: NBD1 may have a high affinity with a low cycling rate, and NBD2 a low affinity and a high cycling rate (42) . As indicated below, this is the case in other ABC transporters.
Previous work has indicated that the two NBDs interact. This is evidenced by the cooperativity shown in the relationship between ATP concentration and activity (6, 14, 39) and by the ability of a mutation in one NBD to inhibit by greater than 50% the rate of ATP hydrolysis (24) . The extent of interaction and the contribution to gating of the two NBDs may be influenced by phosphorylation (9, 36, 43) . It is also possible that ATP concentration or other factors may play a role. The data also suggest that NBD2 activity may generate the majority of gating in the presence millimolar ATP concentrations. This conclusion is supported by the finding that mutations in NBD2 markedly reduce the opening rate, whereas equivalent mutations in NBD1 have smaller effects on channel opening (10, 11, 14, 24) . In addition, ADP competitively inhibits the majority of channel activity (39) . This inhibition appears to occur through NBD2 because mutations in NBD2 prevent the effect of ADP (39) , and ADP slows the rate of N-ethylmaleimide modification of NBD2 but not NBD1 (30) .
Relationship to Earlier Models of CFTR Gating. The mechanism of gating in Fig. 5 has several features that are consistent with earlier models. First, the model in Fig. 5 proposes that an ATP interaction with either NBD can open the channel. Hwang et al. (9) also speculated that both NBDs might gate the channel. Second, most models suggest that ATP hydrolysis is required for the channel to open (3, 4) . However, several studies suggest that the channel can open in the absence of hydrolysis (26, 27, 44, 45) . Gunderson and Kopito (11) proposed a model in which ATP binding to NBD2 opens the channel, but only after hydrolysis at NBD1. As in their model, we propose that ATP binding alone is sufficient to open CFTR, but we suggest that binding at either NBD can open the channel. Third, as with earlier models, we emphasize interactions between the two NBDs. Whether ATP binding alone or hydrolysis is necessary for interactions is unknown.
The observation that would seem to make the greatest challenge to the model in Fig. 5 is the inability of nonhydrolyzable nucleoside triphosphates to support substantial activity. This observation has suggested that hydrolysis is required for opening. We discussed the limitations of this finding in the Introduction. However, at present we do not know how to resolve this issue with confidence.
There are additional observations that bear on the model in Fig. 5 . First, concentration-dependent effects of ATP on burst duration could be consistent with the model. Some reports suggest that increasing ATP concentrations increase burst duration (6, 14) , and some suggest no effect (37) . If the two NBDs have distinct ATP affinities and openings with different kinetics, then ATP-dependent burst durations might be observed under some conditions. Second, the closed-time distribution of CFTR contains a negative exponential component (ref. 14 and J. F. Cotten and M.J.W., unpublished). This observation indicates that there is an irreversible step in the ATP-dependent gating cycle; such a step could occur either before or after ATP binding (46) . On the basis of our data and that of others, we suggest that such a step occurs at some point after ATP binding. Third, the channel opening rate saturates at high ATP concentrations (6, 14, 37) ; this suggests the presence of a rate-limiting step. Such an ATP-independent step could occur at multiple sites in a gating cycle, either before or after ATP binding. (47) . Although elimination of Mg 2ϩ abolished hydrolysis, it did not prevent the fluorescence changes, suggesting that ATP binding alone altered conformation. Limited proteolysis also revealed conformational changes when MgATP was applied; these changes did not require hydrolysis, as they occurred in a MalK hydrolysis-defective variant. CaATP generated similar although less marked effects, even though CaATP did not substitute for MgATP in supporting hydrolysis (32) . Limited proteolysis has shown that MgATP binding also induced conformational changes in the hemolysin exporter HlyB and in P-glycoprotein (31, 48) . Second, we propose that activity of either NBD can gate the channel, although NBD2 may be responsible for most of the gating at millimolar ATP concentrations. Recent studies of HisP (49) showed that in a membrane complex, both HisP subunits hydrolyze ATP. Importantly, Nikaido and Ames found that a complex composed of one hydrolysis-defective subunit and one wild-type subunit still hydrolyzed ATP and translocated ligand, albeit at half the rate observed with two wild-type subunits. These results suggested that a single subunit is capable of supporting a catalytic cycle that actively transports substrate.
Third, we suggest that the two NBDs may have different ATP-binding properties and that one of the NBDs may be responsible for most of the gating. In SUR1, NBD1 has a high affinity for nucleotide binding and does so in the absence of Mg 2ϩ , whereas NBD2 has a low ATP affinity and requires Mg 2ϩ (40) . Moreover in SUR1, NBD2 showed ATPase activity, whereas NBD1 had little or none (40) . Interestingly, in the Escherichia coli SecA subunit of the preprotein translocase, ATP binding and hydrolysis at one NBD drives SecA membrane insertion and deinsertion, whereas ATP binding alone at the other NBD couples SecA cycling to preprotein translocation (50) .
In summary, the model of CFTR gating supported by our data incorporates features of several earlier models. However, the hypothesis that ATP binding at either NBD is sufficient to cause a conformational change that opens the channel diverges from earlier models. More importantly, this hypothesis may provide a framework for future investigations designed to understand the gating of this complex channel. Such knowledge may also be of value in understanding mechanisms in other ABC transporters and in the diseases with which they are associated.
